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INTRODUCTION
The removal of stable oil drops dispersed in water is a problem that arises in a number of industries. Oil removal is usually required because of the environmental problems associated with the discharge of oily water. A very important source of dispersed oil in water is that of Produced Water, which is associated with oil production. As oil fields matures the amount of PW increases and this water may either be reinjected to the reservoir, or in the case of off-shore platforms, discharged overboard to the sea.
The quantities of PW may range from 860 to 27000 m 3 day -1 (Hargreaves and Silvester, 1990) . The discharge limit for the amount of oil disposed of to sea from offshore oilfields has been set at 40 mg l -1 (International Maritime Organisation, 1972 ). This limit is being reduced to 30 mg l -1 in 2006 with the additional constraint that the total oil discharged with the produced water should be 15% less than that discharged in 2000.
At present, the oil content of the water is controlled by the use of a primary separator often followed by a hydrocyclone. The oil drops may be encouraged to coalesce to form larger drops by the addition of chemical agents. The hydrocyclone efficiency declines with reducing droplet size and their performance is poor below 10 m.
Several different techniques have been investigated to try and reduce the oil content of the produced water. A number of workers have studied ultrafiltration to reduce the oil content and these have been successful in the treatment of low volume effluents such as cutting oils. However, for the much higher throughputs required for processing PW the fluxes achieved have been often less than 100 l m -2 h -1 (Rautenbach & Albrecht (1989) , Lipp et al (1988) , Lin & Lan (1998) which would result in large membrane area. In an attempt to improve the achievable flux microfiltration has been tested as a means to remove the suspended oil. It has been found that, despite the apparently more permeable membrane, again the filtrate flow is generally at, or below, 100 l m -2 h -1 (Koltuniewicz et al (1995) , Koltuniewicz & Field (1996) , Mueller et al (1997) , Wang et al (2000) , Madaeni & Yeganeh (2003) ).
It has been suggested by Holdich et al (1998) that many microfilter membranes operate with significant depth filtration and, therefore, suffer from internal fouling, whilst true surface filters with pores passing directly from one side to the other are less common. Significant internal fouling being the cause of irreversible permeate flux decline. The work using a tubular surface microfilter with pore diameters of 6.8
m and 8 m, and separation enhanced by spinning the liquid within the tube, enabled fluxes of over 200 l m -2 h -1 to be maintained. More recently, Cumming et al (2000) using a microfilter with 5 m slotted pores showed that much higher fluxes could be achieved, between 1000 to 2000 l m -2 h -1 , when filtering an oil dispersion containing 1000 mg l -1 oil with a rejection of 50 % for oil drops of 2 m with total rejection at 9.5 m. This large improvement in achievable flux suggested that the mechanism of filtration using filters with circular pores is very different to that using slotted pores whilst the rejection of the deformable drops can be maintained. Slotted pore microfiltration has become a topic of great interest in fields other than oil recovery, with papers published relating to the filtration of yeast and other particles that may deform, and designs employing slot widths down to 1 micron in diameter (Kuiper et al, 2002) .
The entrance and rejection of deformable drops at the entrance to circular pores has been modelled by Nazal and Weisner (1996) , Cumming et al (2000) and Spijksma (2004) . The behaviour of the drops, and their fate as they pass through the pore, has been considered by Park (2001) . In this paper a model of the behaviour of deformable drops and bubbles in a converging slot with liquid flowing into the wide end of the slot and out at the narrow side of the slot is developed. This is considered as a first step in the analysis of slotted microfiltration where one might seek to minimise the converging region leading to the minimum slot diameter, to achieve maximum rejection performance.
The analysis of the problem is based on an analogue to oil drops approaching the minimum width of a filtering slot, as illustrated in Figure 1 . In order for the drop to pass through the slot, with a slot width less than the drop diameter, the drop must deform from its shape of minimum required energy (i.e. a sphere) and the creation of the new surface area will require energy, hence a force, that must be supplied by the fluid flowing around the drop. The analysis is based on an energy, or force, balance for the process. In the arrangement illustrated in Figure 1 there will be an equilibrium position for the location of the deforming drop, whereby the force required to deform the drop is balanced by the deformation of the drop. The drop will not progress further towards the filtering slot as the force required to deform it further from a sphere is greater than the force provided by the liquid drag flowing over the drop.
Theoretical Estimation of stable equilibrium position
A drop or bubble is placed in the channel upstream of the converging slot as shown in Figure 1 . The liquid is then passed through the slot at a volumetric flow U, this will transport the drop into the converging slot until it comes to rest at an equilibrium position. The bottom surface of the slot converges at an angle of α. The flow in the slot is assumed to be laminar and equilibrium is achieved when the drag, due to flow over the drop, is balanced by the work done against the bubble capillary force when the bubble has been squeezed. This is shown in Figure 2 , where the motion can be seen to be stopped when the drag force, F d , is balanced by the capillary force, F c , acting normally to the slot surfaces and resolved in the x-direction, F cx .
When the drop is squeezed it is assumed that its shape can be described by an oblate spheroid with the axis of vertical symmetry being equal to the distance between the slot surfaces at the centre of the drop (h)and its diameter being D ell . When the drop is compressed from its normal spherical shape to an ellipsoid the energy required (E ca ) is the difference between the surface area of a sphere (S sph ) and an ellipsoid (S ell ) multiplied by the surface tension (), for a bubble, or the interfacial tension, for an
The surface area of a sphere is
where D sph is the sphere diameter.
The surface area of an oblate spheroid is
As the pressure changes are low the volume of the deforming bubble is assumed to be conserved. So the ellipsoid diameter can be related to the original sphere diameter as:
So differentiating the energy with respect to l will give the capillary force:
Projecting this force on to the x axis gives:
After substituting equations (1-4) in to (8), taking into account (5) then the value of the force on the x direction is: 
The case of the drag exerted on a sphere located between two parallel plates has been solved by Keh and Chen (2001) . The drag force (F d ) is described by the equation:
where k w is the correction factor due to the parallel walls and F 0 is the drag force on a droplet in an unbounded medium using the analyses of Hadmard (1911) and Rybczynski (1911) . For the case where the drops are not spherical but ellipsoidal. To allow for this the value of r used in equation (11) was that of a drop that would give the same drag as the ellipsoid that is being observed. This was calculated using the analysis described by Happel and Brenner (1965) . This gave the following equation: 
where a s is the ratio of the slot width to the slot height.
The comparison between the experimental measured equilibrium locations and those estimated using the model described in this paper are shown in Figure 6 . The predictions being made use the fundamental properties of the fluids and the geometry of the experimental cell. The comparison between the experimental measurements and the predictions can be seen to be good. For the liquids used, the interfacial tensions varied by up to a factor of eight and the viscosity varied by a factor of five over the range of experimental data.
The model predictions represented by curves on Figure 6 indicate the equilibrium position of a drop or bubble and its deformation within the converging slot at differing local velocities. As a drop approaches a converging slot it is slowly squeezed as it moves along the narrowing slot so that the ratio of the original drop diameter to the slot width increases until the equilibrium location is reached where the forces generated by the squeezing of the drop balance those due to drag produced by liquid flowing past the drop When a drop or bubble reaches the top of the converging slot it will no longer be trapped but will pass into the wider downstream section of the test cell. As might be expected the ease with which the drop or bubble is deformed is determined by the surface, or interfacial, tension. This is clearly shown in Figure 6 by the lower surface energy drops and bubbles being squeezed more easily by the interaction of the converging slot and the liquid flowing past them, so the drop deformation described by the ratio of D/h is much greater for similar local velocities.
The objective of this work was to begin to understand the behaviour of deformable drops at a slotted microfilter. This is of interest because a drop located within a slot experiences different forces to a drop located on a round pore. In the case of a slot the force causing it to move through the slot originates from the liquid drag produced by the flow round the drop resting at the membrane surface. In the case of a circular pore, drops larger than the pore will completely block off the pore and their transport through the pore is driven by the total pressure drop across the filter. An analysis of drop passage through a circular pore membrane has been presented previously (Cumming et al ????) . The analysis presented here is for the case of drops within a converging slot, which is being used to determine the force required to drag an oil drop through a slotted microfilter.
An example of a converging slot microfilter is illustrated in Figure 7 . These filters are produced by a photolithographic technique, which provides a small converging section prior to the position of minimum slot width. This type of filter is commercially available from Micropore Technologies Ltd. and is being evaluated for the filtration of oil drops from PW. One side of the filter has a much more prominent conical region prior to the minimum slot width and the following analysis is based on this prominent side facing the challenge suspension to be filtered. To determine the flux through the slotted microfilter the pores were assumed to be 420 m long and three different minimum slot widths were used for the calculations: 1 m, 5 m and 10 m. The slot density was taken as 9.2x10 6 slots m -2 and the flux was calculated as the permeate flow for a square metre of filter area. The first drop reaching the membrane surface will either sit at the slot entrance, take up a stable position within the converging slot or it will pass all the way through the converging slot and eventually pass out the other side into the filtrate. The fate of the drop being determined by geometry and physical properties of the fluids involved. The slots were measured as converging at a half-angle of 34 o . The oil properties were taken to be kerosene dispersed in water. The flux at which the model predicts that drops of different sizes will pass through filters of different slot widths is shown in Figure 8 .
As might be expected drops that are of the same size as slot width, or smaller, pass straight through the filter. However, drops only slightly larger than the slot width will pass through the filter at relatively low fluxes. As the flux is increased larger drops begin to pass through the filter as they are increasingly deformed by the converging slot. As the drops deform to an ellipsoidal shape the drag on them increases as their projected area normal to flow becomes greater. As can be seen from Figure 8 , this means that eventually the smaller slot will give passage to larger drops than would be passed by a membrane with wider slots. This is partly due to the increasing drop deformation, but is also a consequence of the fact that the narrower slots will have a much larger local liquid velocity past the drops for the same liquid flux rate when using a fixed number of pores per unit area. Hence, the liquid drag will be greater when filtering using the smaller slot width filters.
The prediction shown in Figure 8 is supported by the data illustrated in Figure 9 , which is the oil drop rejection (or grade efficiency) curve for a slotted pore microfilter with minimum slot width of 5 microns filtering a crude oil dispersion at a challenge concentration of ??? mg L -1 . The permeate flux rate was 1000 kg m -2 h -1 and the filter provides 100% oil drop rejection at 8 microns, which is close to what is predicted using the theory illustrated in Figure 8 .
CONCLUSIONS
Microfiltration using slotted pore filters is being actively pursued for many process applications including that of the removal of oil drops from Produced Water. This is a non-intuitive application, as it may be assumed that oil drops would deform easily and pass through a pore that has a highly non-isotropic shape. Thus, intuition might suggest that a circular pore membrane is preferable for the filtration of oil drops. The main reason for the difference between the performance of the slotted and circular pore membranes is the difference in the mechanism of passage of the oil drop into the permeate. An oil drop sitting on a circular pore membrane will experience the full pressure difference between the feed and permeate side of the membrane. This will act to push the oil drop into the pore and, possibly, through the membrane into the permeate. However, with a slotted pore membrane in which the concentration of oil drops is sufficiently low as not to completely plug the pore with an assemblage of oil drops, the mechanism of passage of the oil drop into the permeate is that of liquid drag of the permeate flowing around the drop. This is because the spherical oil drop does not completely block the flow of liquid flowing through the slotted filter pore.
Thus, oil drop passage depends on the permeate liquid flow rate and the ability of the spherical drop to deform within the slotted pore channel.
The mathematical analysis presented here is based on a force balance, used to determine the liquid drag and the force required to deform the drop from a sphere into an oblate spheroid. In the experimental techniques described a converging slot was employed in order to investigate the position at which these two forces balance, with observation by video camera providing the experimental data. The mathematical analysis was compared to the observed data, obtained for fluids of a variety of interfacial tensions and liquid viscosities, and the agreement between the predicted and measured values was found to be very good.
The modelling approach has uses in determining the ability of a slotted microfilter to completely reject an oil drop, for a given permeate flow rate. Comparison for slotted microfilters with three different pore widths is shown, illustrating the point that better oil drop rejection is possible with a wider diameter slotted pore than a narrower one, under operating conditions of very high permeate flux rates. Comparison with experimental data for the slotted pore microfiltration of a crude oil using a 5 micron pore width filter shows a 100% rejection of oil drops at 7 microns, whereas the model predicts total rejection at 8 microns whilst operating at a flux rate of 1000 kg m -2 h -1 in both cases. The closeness of these values supports the modelling approach and the use of the model to assist in the design of slotted pore microfilters for use on drops that can deform in the filtration process.
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